An investigation was conducted in the Langley Transonic Dynamics Tunnel to obtain data to permit evaluation of paddle-type tip technology for possible use in future U.S. advanced rotor designs. Data were obtained for both a baseline main-rotor blade and a main-rotor blade with a paddle-type tip. The main-rotor blade with the paddle-type tip has the same planform as that developed under the British Experimental Rotor Program (BERP) but uses different airfoils and is referred to in this report as a "BERP-type" blade. The intent of using these two blade sets was to evaluate the effect of the BERP planform geometry on performance and loads, not to conduct an exhaustive study of the BERP concept. The baseline and paddle-type tip blades were compared with regard to rotor performance, oscillatory pitch-link loads, and 4-per-rev vertical fixed-system loads. Data were obtained in hover and forward flight over a nominal range of advance ratios from 0.15 to 0.425. Results indicate that the paddle-type tip offers no performance improvements in either hover or forward flight. Pitchlink oscillatory loads for the paddle-type tip are higher than for the baseline blade, whereas 4-per-rev vertical fixed-system loads are generally lower.
Introduction
The next generation of rotorcraft, particularly those used by the U.S. Army, will be required to be faster, more maneuverable and agile, and to carry higher payloads than current generation rotorcraft. To achieve the goals of increased speed, higher load factor, and reduced vibratory loads, designers have continually struggled to obtain the proper combination of airfoils, twist, and planform geometry. Parameters such as advanced airfoils, nonrectangular planforms, static twist, and tip sweep have been investigated (refs. 1 through 5) to determine their effect on rotor performance and efficiency. Conformable rotor concepts (refs. 6 through 13) have also investigated the use of dynamic twist to improve rotor performance and reduce vibratory blade loads.
In 1986, a modified Lynx helicopter equipped with main-rotor blades incorporating a unique paddle-type tip shape claimed the Class E-1 (helicopters without payload) speed record (refs. 14 through 17).The rotor blades used on this Lynx helicopter were developed under the British Experimental Rotor Program (BERP) and thus became known as BERP blades, and the paddle-type tip became known as the BERP tip. Much of the success of the BERP blades in high-speed forward flight has been attributed to the tip shape. On the retreating side of the rotor disk, the BERP tip utilizes vortex flow to delay flow separation in the tip region to attain higher angles of attack than for a rectangular tip before the tip region stalls. The BERP blades also incorporated three advanced airfoil sections, which undoubtedly contributed to the favorable performance improvement over the baseline blades used on the Lynx. The baseline Lynx blades used a RAE 9615 airfoil section in the working region of the blade and over most of the rest of the blade span. The RAE 9615 is a moderately cambered, 11-percent-thick airfoil and its aerodynamic characteristics are a modest improvement over those of the symmetric NACA 0012 airfoil. The BERP blade used a 9-percent-thick cambered airfoil (RAE 9634) in the tip region, an aft-loaded 12-percent-thick airfoil (RAE 9645) in the working region (65-85 percent radius), and a reflexed 12-percentthick airfoil (RAE 9648) in the inboard region. The 9-percent-thick airfoil provides lower drag at high Mach numbers than an NACA 0012 airfoil and about the same maximum lift as the NACA 0012. The aft-loaded airfoil provides about a 35-percent improvement in maximum lift over an NACA 0012 airfoil at the expense of high nose-down pitching moments. The use of a reflexed airfoil with its nose-up pitching moments in the inboard region was necessary to offset the adverse effects of the nose-down pitching moments of the aft-loaded airfoil. No experimental data are currently in the public domain to quantify the contribution that the paddle-type tip made to the performance of the BERP rotor. Because of the success of the BERP blade, it was felt that data should be obtained to permit an evaluation of the paddle-type tip technology for possible use in future U.S. advanced rotor programs.
The data were obtained in the Langley Transonic Dynamics Tunnel in a DuPont Freon 12 atmosphere using Mach and aeroelastically scaled model rotor blades. A set of BERP-type blades were used as well as rectangular planform baseline blades. The designation "BERP-type" is used because the model paddle-type tip blades had the same planform and twist as the full-scale BERP blades but utilized different airfoils. The intent of using these two blade sets was to determine the effect on performance of the BERP planform geometry. Testing was conducted in hover and forward flight at nominal advance ratios from 0.15 to 0.425. Model lift and drag were varied to simulate changes in vehicle gross weight and propulsive force. The model hover tip Mach number was maintained at 0.628. The discussion in this report is intended to provide an overview of the data obtained.
Symbols
The positive directions of forces, angles, and velocities are shown in figure 1.
A
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Model Description
Two sets of model rotor blades with representative Mach and aeroelastic scaling were used during these tests: a set of rectangular planform baseline blades and a set of BERP-type blades. Both sets of blades have the same airfoil distribution, twist distribution, and thrustweighted solidity. The planform geometry and twist distribution of each blade set is shown in figures 3 and 4, respectively. Because the coordinates of the RAE airfoils used on the BERP rotor blades were not available, two state-of-the-art U.S. airfoils were selected for use on these model rotor blades. The BERP blade design philosophy of using an aft-loaded airfoil in the working region of the blade and a reflexed airfoil from inboard of the aftloaded airfoil to the root end was not incorporated in the BERP-type model rotor blades. Each blade used RC(4)-10 and RC(3)-07 airfoils ( fig. 3) . The 10-percentthick RC(4)-10 airfoil was selected for the inboard region of the blade (r/R ≤ 0.84) based on its proven performance (ref. 19) as an inboard airfoil section. The RC(4)-10 airfoil has high maximum lift coefficients at Mach numbers up to 0.5, very low pitching-moment coefficients over a broad range of Mach numbers and low angles of attack, and moderately high drag divergence Mach numbers at low angles of attack. Initially, the 8-percentthick RC(3)-08 airfoil was selected for the tip region
as a tip airfoil section. The RC(3)-08 airfoil has moderately high maximum lift coefficients at Mach numbers up to 0.5, very low pitching-moment coefficients over a broad range of Mach numbers and angles of attack, and very high drag divergence Mach numbers at low to moderate angles of attack. However, it was discovered that applying the RC(3)-08 airfoil to this region of the BERP-type blade would result in an increase in the rotor blade thickness with increasing r/R, that is, between r/R = 0.84 and 0.866, rather than the desired constant thickness or decrease in thickness. Scaling the thickness distribution of the RC(3)-08 so that the maximum thickness was 7 percent chord eliminated this problem. Thus, the RC(3)-07 airfoil was used from r/R = 0.866 to 1.0. For the BERP-type blade, the RC(3)-07 airfoil was laid out perpendicular to the swept quarter-chord line for r/R < 0.96 (ref. 17) . A smooth transition was made between these two very different airfoil shapes. The area solidity, thrust-weighted solidity, and torqueweighted solidity of the baseline rotor were 0.101 and the same parameters for the BERP-type rotor were 0.096, 0.101, and 0.102, respectively. The structural properties of each blade set are similar to those of the advanced blade set described in reference 4. The nominal values of mass distribution, flapwise stiffness, and torsional stiffness for each blade set are presented in figures 5 through 7. The chordwise stiffness and torsional inertia distributions were not measured for either blade set.
Each blade set was tested by using the aeroelastic rotor experimental system (ARES) testbed shown in figures 8 and 9. The ARES testbed has a streamlined fuselage shape which encloses the rotor controls and drive system. The ARES testbed is powered by a variablefrequency synchronous motor rated at 47-hp output at 12 000 rpm. The motor is connected to the rotor shaft through a belt-driven two-stage speed reduction system. The ARES testbed rotor blade pitch-control system and rotor-shaft angle of attack are remotely controlled from the wind-tunnel control room. The model rotor-shaft angle of attack is varied by an electrically controlled hydraulic actuator. Blade collective pitch and lateral and longitudinal cyclic pitch are input to the rotor through the swashplate. The swashplate is moved by three hydraulic actuators. The model rotor hub used in this investigation was a four-bladed articulated hub with coincident leadlag and flapping hinges. The hub operated with a measured pitch-flap coupling ratio of 0.5 (flap up, pitch down).
Instrumentation mounted on the ARES model allows continuous displays of model control settings, rotor forces and moments, blade loads, and pitch-link loads. For these tests, one pitch link was instrumented with a strain gauge to measure pitch-link tension and compression loads. Rotor blade flap and lag motions are measured by rotary potentiometers mounted on the rotor hub. Rotor-shaft speed is determined by a magnetic sensor. The rotating blade data are transferred to the fixed system through a 30-channel slip-ring assembly. Rotor forces and moments are measured by a six-component strain-gauge balance mounted below the pylon and drive system. Rotor lift and drag are determined from the measured balance normal and axial forces ( fig. 1 ). Rotor torque is measured by the balance yawing-moment channel. The balance is fixed with respect to the rotor shaft and pitches with the fuselage. Fuselage forces and moments are not transmitted to the balance by design.
Test Procedure
The purpose of this test was to obtain data to evaluate the effect of the BERP planform on rotor performance and loads. Therefore, data for both the baseline and BERP-type rotors were obtained at the same nominal test conditions defined by µ, M T , α s , and θ. Data were obtained in hover and in forward flight from nominal values of µ = 0.15 to 0.425. In hover (µ = 0), data were obtained at z/d = 0.83. At each test point in forward flight, the rotor rotational speed and tunnel conditions were adjusted to give the desired values of M T and µ. The ARES testbed was then pitched to the desired α s . Blade collective pitch was changed to obtain variations in rotor lift. To facilitate data acquisition and reduce blade loads, rotor cyclic pitch was used to remove rotor firstharmonic flapping with respect to the rotor shaft at each test point. The maximum obtainable value of θ at each combination of µ and α s was determined by either blade or pitch-link loads or ARES testbed drive-system limits.
Model deadweight tares were determined throughout the range of α s with each set of blades installed. Aerodynamic rotor-hub tares were determined throughout the test ranges of α s and µ at 640 rpm with the blades removed and the blade cuffs set at a pitch angle of 8°. 
Measurement Uncertainty
The quality of the performance data obtained during this investigation was addressed. Based on a static calibration of the strain-gauge balance used to measure rotor lift, drag, and shaft torque, the accuracy of the measurement of these variables is within the following ranges: Loads data presented consist of pitch-link and fixedsystem oscillatory loads. A harmonic analysis is used to reduce ARES rotor and fixed-system loads to magnitude and phase components for each harmonic of 8 per rev and below. Typically, 12 rotor revolutions of data are processed by using a fast Fourier transform (FFT) with checks provided on the signal periodicity and rotor speed. These checks ensure data integrity and allow processing to occur without signal windowing and the associated loss of signal power. Using more than 12 revolutions of data has been shown to produce no increase in the accuracy of results for harmonics of 8 per rev and below; therefore, all data presented herein have been processed by using 12 rotor revolutions of data. Pitch-link loads data are presented as normalized oscillatory (1/2 peak-to-peak) load versus C L . Fixed-system loads data are presented as normalized 4-per-rev normal force versus C L . The pitch-link and fixed-system loads data are presented for three values of µ at values of α s representative of what would be required to produce the necessary propulsive force to represent the same fullscale equivalent parasite areas as for the performance data. Thus, the two rotors may not be at the same C D . This method of presentation was chosen because the loads data were believed to be too nonlinear to allow interpolation as with the performance data. All pitch-link oscillatory loads were normalized to the largest pitchlink oscillatory load measured on either rotor throughout the speed range tested. All 4-per-rev fixed-system normal forces were normalized to the largest 4-per-rev fixed-system normal force generated by either rotor throughout the test speed range. This normalizing procedure was chosen because neither the fixed system nor the rotating system of the ARES model is a dynamically scaled representation of any existing helicopter. Therefore, scaling measured model data up to full-scale values would not be meaningful. Ground vibration tests of the ARES testbed have shown no dynamic amplification of any of the strain-gauge balance channels at the rotor 4-per-rev frequency.
The data are presented in the following order: 
Discussion of Results
The primary purpose of this investigation was to obtain data that would permit an evaluation of any benefits offered by the BERP planform for possible use in future U.S. advanced rotor programs. The forward-flight performance of both the baseline and BERP-type rotors was defined by the C Q required at a given rotor task specified by the parameters C L , f D , µ, and M T . The values of f D chosen were intended to be representative of both a utility-and scout-type aircraft. figure: 0.0081, which is representative of a UH-60A helicopter at a gross weight of 18500 lb at a density of 4000 ft/95°F, and 0.0086, which is representative of a scout-type helicopter at a gross weight of 10500 lb at the same density condition. The data indicate that at both 0.0081 (UH-60A) and 0.0086 (scout-type helicopter) the BERP-type rotor requires a higher C Q than the baseline rotor. This trend of a higher required C Q for the BERP-type rotor for a given C L is evident at C L from about 0.0054 up to the maximum value of C L obtained. The figure of merit of the baseline rotor is clearly higher than that for the BERP-type rotor for C L greater than about 0.0052. The maximum figure of merit of the baseline rotor occurs at a higher value of C L than the corresponding maximum of the BERP-type rotor. The relative inefficiency of the BERP-type rotor is probably caused by an increase in both the induced and profile torque. A higher induced torque for the BERPtype rotor may result from higher inflow angles in the tip region and additional drag caused by vortex flow around the swept tip. A higher profile torque for the BERP-type rotor would be expected because of the increased chord in the tip region. Figures 11 and 12 show the forward-flight performance of the baseline and BERP-type rotors, in terms of C Q versus µ, for a range of rotor lift coefficients and three values of f D at M T = 0.628. The value of f D used in figure 11 is representative of a UH-60A helicopter, and the values of f D used in figure 12 are representative of both low-drag and high-drag configurations for a scouttype helicopter. The data in both figures 11 and 12 show that, for the ranges of C L and f D presented, no improvement in forward-flight performance is offered by the BERP-type rotor. The reduced forward-flight performance of the BERP-type rotor is probably caused by the increased profile drag from the paddle-type tip. Figure 13 shows the effects of C L on pitch-link oscillatory loads (1/2 peak to peak) at three nominal values of µ. The range of rotor-shaft angle of attack presented for each µ brackets the value of propulsive force required to offset the value of f D used in figures 11 and 12. The data show that the pitch-link oscillatory loads for the BERPtype rotor are generally higher than those for the baseline rotor as C L is increased, particularly in the C L range of interest (C L = 0.007 to 0.009). The increase in pitch-link oscillatory loads with increasing C L is indicative of an increase in blade torsional activity which is not unexpected because of the large tip area of the BERP planform. Reference 12 has indicated that increased blade torsional activity can contribute to reduced rotor performance, as was noted in the previous section for the BERP-type rotor. Changes in α s , representing an increase in f D , show no significant increase in the oscillatory pitch-link loads for either rotor. This same trend was found for the rotors discussed in reference 4. Figure 14 shows the effect of C L on the 4-per-rev fixed-system normal force for the same values of µ and α s as used in figure 13 . The data show that generally the BERP-type rotor produces lower 4-per-rev fixed-system normal forces than the baseline rotor in the C L range of interest (C L = 0.007 to 0.009). This trend is different from that shown for the pitch-link oscillatory loads ( fig. 13) where the BERP-type rotor produced the higher loads. These trends (figs. 13 and 14) indicate different torsional loads characteristics and vertical hub shear characteristics for the baseline and BERP-type rotors. Increasing the rotor shaft tilt, by varying α s , generally showed a reduction in the 4-per-rev fixed-system loads for both rotor systems at µ = 0.25 and 0.35. The 4-per-rev fixed-system pitching and rolling moments (not shown) exhibited similar trends as a function of C L for both the baseline and BERP-type rotors with variations in µ and α s up to µ = 0.35. At µ = 0.35, the BERP-type rotor was found to have higher values of both 4-per-rev fixedsystem pitching and rolling moments as a function of C L .
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Conclusions
An investigation has been conducted in the Langley Transonic Dynamics Tunnel to evaluate differences between the performance and loads characteristics of a rotor using blades with a paddle-type tip and a rectangular planform baseline rotor. The rotor blades utilizing the paddle-type tip are referred to as the "BERP-type" blades since they have the same planform, but different airfoils, as the rotor blades used in the British Experimental Rotor Program (BERP). Data on the BERP-type rotor are of interest to permit an evaluation of the BERP blade planform for possible use in future advanced rotor programs 
